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We performed a first-prinicples study of the structural, vibrational, electronic and magnetic prop-
erties of NaMnF3 under applied isotropic pressure. We found that NaMnF3 undergoes a reconstruc-
tive phase transition at 8 GPa from the Pnma distorted perovskite structure toward the Cmcm
post-perovskite structure. This is confirmed by a sudden change of the Mn–F–Mn bondings where
the crystal goes from corner shared octahedra in the Pnma phase to edge shared octahedra in the
Cmcm phase. The magnetic ordering also changes from a G-type antiferromagnetic ordering in the
Pnma phase to a C-type antiferromagnetic ordering in the Cmcm phase. Interestingly, we found
that the high-spin d-orbital filling is kept at the phase transition which has never been observed
in the known magnetic post-perovskite structures. We also found a highly non-collinear magnetic
ordering in the Cmcm post-perovskite phase that drives a large ferromagnetic canting of the spins.
We discuss the validity of these results with respect to the U and J parameter of the GGA+U ex-
change correlation functional used in our study and conclude that large spin canting is a promising
property of the post-perovskite fluoride compounds.
PACS numbers: 31.15.A-, 71.15.Mb, 75.50.-y, 81.40.Vw
A. Introduction
Perovskite materials with stoichiometry ABX3 are
well known in material sciences due to their numerous
properties of high interest for technological applications.
These properties are very diverse such as ferroelectricity,1
ferromagnetism2, piezoelectricity3, pyroelectricity4 or
superconductivity.5 Going further, recent researches fo-
cused on the achievement of multifunctionalities in a sin-
gle material that would open the door to new types of
applications such as computer memories or spintronic.6,7
One of the main features of these compounds is that
their properties can be conveniently tuned by external
control parameters such as electric and magnetic fields,
temperature, strain or pressure.8,9 Hydrostatic pressure
appeared to be an interesting external parameter for the
understanding of the perovskite physics since they ex-
hibit profuse structural, electronic and magnetic phase
transitions.10 A particularly appealing pressure phase
transition is the perovskite to post-perovskite (pPv)
phase transition that has been observed in MgSiO3 crys-
tal in 2004.11,12 The discovery of this pPv phase transi-
tion had important consequences in the physics of the
earth mantle where MgSiO3 is abundant and is un-
der very high pressure conditions.11,12 The pPv tran-
sition has then attracted great interests and has been
observed in other oxide and fluoride perovskites such
as MgGeO313, CaSnO314, NaMgF315 or NaCoF316,17
(see Table I). Interestingly, the fluoroperovskite crys-
tals have a lower pressure and temperature pPv phase
transition than the oxides and thus making them attrac-
tive for the study of the pPv phase. Furthermore, it
has been reported the possibility to keep the pPv phase
at atmospheric pressure when releasing the pressure in
fluroroperovskites18 while all the oxides return to their
Pnma distorted perovskite ground state.16 Besides the
interest for the pPv transition in earth mantle studies,
it has been recently highlighted the existence of a ferro-
electric instability in the cubic phase of ABF3 perovskites
that originates from a geometric effect rather than a dy-
namical charge transfer as it the case in oxides.19 It has
also been shown the possibility to induce a ferroelectric
polarization in NaMnF3 when applying an epitaxial con-
straint which leads to new possibilities to make multi-
ferroic materials within the family of fluoroperovskites.
The study of the fluoroperovskites under pressure is then
of high interest to scrutinize the reasons and origins of
their unique properties and their potential multiferroic
character.
In this paper, we propose to study from first-principles
calculations the structural, electronic and magnetic prop-
erties of NaMnF3 as function of applied hydrostatic pres-
sure. The results are presented as follows. We first deter-
mine the structural ground state structures over a wide
range of pressure conditions and we predict a transition
from the Pnma ground state to a pPv phase that has
not been explored experimentally. We analyse the pPv
phase transition through a vibrational characterization
(phonons) and a structural study. We then focus on the
analysis of the magnetic behaviour with a special inter-
est in the non-collinear magnetic ground states allowed
in the pPv. We found a high-spin ground state associ-
ated with a large ferromagnetic canting that has not been
reported in any of the previous pPv transition observed
in other compounds. The validity of the results are dis-
cussed with respect to the values of the DFT+U U and
J parameters.
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2TABLE I. Lattice parameters (Å) of the pPv phase and re-
lated temperature (T, in Kelvin) and pressure (P, in GPa)
transitions from the Pnma phase to the pPv phase of fluror-
ide and oxide perovskites. In the pPv phase, the A and B
cations occupy the 4a and 4c Wyckoff positions and the O/F
anions occupy the 4c and 8d positions. Most of the oxides
have higher pressure and temperature transitions than the
fluorides. **This work.
Crystal a/b/c P T Ref
Oxides ABO3
MgSiO3 2.456/8.042/6.093 121 300 11
MgGeO3 2.613/8.473/6.443 78 300 13
MnGeO3 2.703/8.921/6.668 57 - 65 1200 - 2400 14
CaSnO3 2.854/9.343/7.090 56 300 14
CaIrO3 3.145/9.862/7.298 1 - 3 1648 - 1798 20,21
CaRuO3 3.115/9.827/7.296 21 - 25 1173 - 1373 22–24
CaPtO3 3.126/9.920/7.351 4 1073 25,26
CaRhO3 3.101/9.856/7.264 12 - 27 1273 - 1673 27,28
NaIrO3 3.040/10.358/7.177 4 - 5 1073 29
Fluorides ABF3
NaMgF3 2.716/8.381/6.849 18 - 30 300 - 15
NaZnF3 3.034/10.032/7.450 13 - 18 300 - 30
NaCoF3 3.064/10.123/7.468 11 - 14 300 - 16,17
NaNiF3 3.026/10.058/7.401 16 - 18 1273 - 1473 17,18
NaMnF3 3.042/9.839/7.416 8 0 **
B. Computational details
Total energy calculations were performed with the
Vienna Ab-initio Simulation Package (VASP)31,32 and
within the projected augmented wave (PAW) method to
describe the valence and core electrons.33 The electronic
configurations taken into account in the PAW pseudopo-
tentials are as follows: seven valence electrons for Na
(2p63s1), thirteen for Mn (3p64s23d5) and seven for F
(2s22p5). We used the Generalized Gradient Approx-
imation (GGA) exchange correlation functional within
its PBEsol variant34 and we corrected it to increase the
d -electron localization by means of the DFT+U approx-
imation, with U = 4.0 eV and J = 0 of the Liechtenstein
formalism35. Due to the magnetic character of NaMnF3,
the spin degree of freedom have been included in the
calculations. Non-collinear magnetism calculations have
been carried out by including the spin-orbit coupling as
implemented in VASP by Hobbs et. al.36. Different val-
ues of the U and J parameters were systematically var-
ied to study the influence of these parameters on the
results. The reciprocal space has been discretized by a
Monkhorst-Pack k -point mesh of (6×4×6) and the plane
wave expansion has been limited by an energy cut-off
of 800 eV. These convergence parameters were neces-
sary in order to have a resolution on the force of less
than 1×10−4 eV/Å and a resolution on the energy of
0.01 meV. Analysis of the optimal structure as a function
of pressure was carried out according to the third-order
Birch-Murnaghan equation of state (BM-EOS)37 by fit-
ting the total energy dependence of the primitive cell vol-
ume per molecule. Vibrational properties were computed
through the formalism of density functional perturbation
theory (DFPT)38,39 as implemented in VASP and post-
processed with the Phonopy code40.
C. Structural and vibrational properties of the
Pnma phase of NaMnF3
At room temperature and atmospheric pressure, the
sodium manganese fluoride compound NaMnF3 crystal-
lizes in the Pnma structure (space group number 62)
which is composed by tilted Mn–F6 octahedra along the
three cubic directions and antipolar motions of the Na
cations41. This is the result of the condensation of zone-
boundary antiferrodistortive (AFD) unstable modes ob-
served in the cubic reference structure phonon-dispersion
curves19. By performing the structural relaxation of the
atomic positions and of the cell parameters of NaMnF3
in the Pnma phase, we obtain the lattice parameters a =
5.750 Å, b = 8.007 Å and c = 5.547 Å. This corresponds
to a difference of 0.2% with respect to the experimental
measurements reported by Daniel et. al.41.
In Tables II and III we report the calculated silent, Ra-
man and infra-red (IR) phonon modes as well as the mode
Grüneisen parameters (γi) of the relaxed Pnma ground
state. The irreducible representation of the Pnma per-
ovskite phase is Γ =8Au ⊕ 10B1u ⊕ 8B2u ⊕ 10B3u ⊕ 7Ag
⊕ 5B1g ⊕ 7B2g ⊕ 5B3g. Both the Raman (Ag, B1g, B2g
and B3g labels) and IR modes (B1u, B2u and B3u labels)
are in good agreement with the available experimental
reports41,42. We note that a very soft polar B2u mode
is present with a frequency of 18 cm−1. This indicates
that the Pnma phase is close to a ferroelectric phase
transition and this mode is responsible for the epitaxial
strain induced ferroelectricity of NaMnF3 reported by A.
C. Garcia-Castro et al.19 From the Grüneisen parameters
reported in Table III, we observe that two phonon modes
are particularly sensitive to a change in volume: the soft
B2u mode at 18 cm−1 with γ = 7.957 and the Ag mode
at 79 cm−1 with γ = 4.844 such as they can be easily
detected from Raman experiments. Two phonon modes
have negative γ and correspond to the modes that be-
come soft as the volume decreases, which indicates that
probably these two phonon modes are close to a nearest
neighbour force instability.
Regarding the magnetic ordering, the total energy dif-
ferences between the ferromagnetic (FM), C- and A-type
antiferromagnetic (AFM) with respect to G-type AFM
ordering in the Pnma structure are respectively 79.03,
54.08 and 24.18 meV. The lowest energy is thus given
by the G-type AFM ordering, in agreement with the ex-
perimental measurements that establish a G-type AFM
ordering for the Pnma phase of NaMnF3.43 All of that
3confirms that our choice of parameters for the DFT cal-
culations (GGA PBEsol and U = 4.0 eV) of NaMnF3
gives good results when comparing to the experimental
measurements.
TABLE II. Calculated Raman, Infra-red (IR) and silent
modes frequencies (cm−1) of the Pnma phase of NaMnF3 (at
zero pressure). In brackets are presented the experimental
values of the Raman41 and the IR42 modes.
Raman modes
Ag B1g B2g B3g
79 (88) 86 (—–) 132 (140) 87 (96)
135 (143) 154 (160) 145 (155) 191 (—–)
175 (183) 220 (182) 191 (201) 252 (—–)
202 (212) 303 (312) 216 (226) 294 (302)
242 (250) 414 (346) 260 (—–) 462 (—–)
259 (270) — 281 (293) —
309 (319) — 449 (—–) —
Silent IR modes
Au B1u B2u B3u
59 (—–) 114 (103) 18 (—–) 91 (103)
114 (—–) 125 (132) 118(120) 148 (132)
124 (—–) 180 (161) 180 (181) 152 (161)
133 (—–) 196 (194) 205 (—–) 183 (208)
198 (—–) 223 (228) 280 (—–) 222 (220)
278 (—–) 255 (256) 367 (—–) 237 (256)
363 (—–) 272 (289) 387 (—–) 307 (289)
396 (—–) 312 (—–) — 347 (—–)
— 402 (—–) — 389 (—–)
TABLE III. Calculated mode Grüneisen parameters (γi) for
the NaMnF3 Pnma phase at Γ and around atmospheric pres-
sure.
Ag B1g B2g B3g Au B1u B2u B3u
4.844 1.425 1.226 3.017 -1.018 1.674 7.957 1.752
0.857 1.168 2.710 1.110 -0.668 1.323 0.559 1.546
2.196 2.416 2.872 1.351 0.172 0.574 -0.139 0.486
2.273 1.714 1.401 1.833 1.692 0.707 1.663 1.717
3.063 1.023 1.855 0.897 0.990 2.983 1.274 2.252
1.706 — 1.627 — 1.512 1.980 1.632 2.632
1.417 — 0.919 — 1.713 1.884 1.507 0.906
— — — — 1.452 0.992 — 1.026
— — — — — 1.421 — 1.471
D. Study of NaMnF3 under hydrostatic pressure
In this section we study the pressure phase transi-
tions of NaMnF3. In order to identify the enthalpy
(a)
(b)
FIG. 1. (Color online) (a) Total energy of NaMnF3 as a func-
tion of the volume per atom for all different crystal structures.
Cmcm and Pnma structures show the lowest energy values
for lower volumes. (b) ∆H/atom as a function of external
pressure in NaMnF3 structures. Pnma to Cmcm structural
transition can be seen at the critical pressure of 8 GPa.
ground state under hydrostatic pressure, we fitted the
total energy versus the volume through the Birch-
Murnaghan equation of state (BM-EOS)37 for the fol-
lowing common structures found in perovskites: Cmcm
(pPv phase), I2/m, I4/mcm, P4/mbm, P21/c, P21/m,
P63cm, P63/mmc, P 1¯, Pm3¯m, and Pnma. For all of
them, theG-type AFMmagnetic ordering was considered
in our calculations. In Fig.1a we report the total energy
values per atom as a function of the volume change with
respect to the equilibrium volume. As we would expect,
the Pnma and Cmcm-pPv structures exhibit the lowest
energy values at low volumes. In order to identify the
lowest energy phase, we report the enthalpy (H), as ob-
tained from the equation of state, versus the pressure in
Fig.1b. Going from the lowest to the highest pressure,
we found the following low enthalpy phases. Between -
10 GPa and -8.9 GPa the hexagonal P63/mmc phase is
4the most stable structure. Between -8.9 GPa and -6.5
GPa we found the P21/c structure to be the most sta-
ble. Then between -6.5 GPa and 8.0 GPa the orthorhom-
bic Pnma structure is the ground state and thus passing
through the atmospheric pressure as expected from the
experimental results. At higher pressures (above 8 GPa,
up to 35 GPa) the orthorhombic Cmcm pPv structure is
the lowest energy phase. Then, we found that NaMnF3
presents a phase transition at relatively low pressure (8
GPa) from the Pnma perovskite phase to the Cmcm pPv
phase.
In Fig.2a we represent a schematic view of the Pnma
and the pPv phases. It is clear that the structural transi-
tion between the Pnma and the pPv phase is reconstruc-
tive since a breaking of Mn–F–Mn bonds is needed to con-
nect the two structures. This corresponds to a transition
between corner-shared octahedra in the Pnma phase to
edge-shared octahedra in the pPv phase. The pPv phase
can be viewed as layers of edge-shared octahedra sep-
arated by layers of Na cations along the y-direction. In
Fig.2b we report the calculated X-ray diffraction patterns
(XRD) for the Pnma and the post-perovskite Cmcm
phases with a Cu-Kα = 1.5418 Å X-ray wavelength. The
XRD pattern of the room temperature Pnma is in good
agreement with the experimental reports shown as a tri-
angles in the Fig.2b.41,42,44 No experimental data exists
for the pPv phase of NaMnF3 but the calculated XRD
pattern fit the pPv symmetry found in other compounds
such as MgGeO3.13
An interesting parameter to be analysed in the Pnma
to pPv phase transition is the dependence of the octa-
hedral tilting angle of the Pnma structure as a function
of pressure. O’Keeffe et. al. reported that the transi-
tion from the Pnma to the pPv structure takes place
when the octahedra tilting angles reach 25◦.45 This con-
dition is reached when the atmospheric pressure tilting
angle of the Pnma phase is above 15◦.12,45,46 For this
purpose, we computed the pressure dependence of the
octahedra titling angle φ of the Pnma structure follow-
ing to the relationship deduced by O’Keeffe et. al.45 such
as φ = cos−1(
√
2c2/ab) with a, b and c are the cell pa-
rameters. We report our results as a function of pressure
for NaMnF3 and the experimental data for NaMF3 com-
pounds with M = Zn, Ni, Co, Mg, and Mn in Fig.2c.
The experimental results for M = Zn, Ni, Co and Mg
are taken from Yusa et. al.16. Experimental data for
lattice parameters used in the calculation of φ were ex-
tracted from the report of Katrusiak et. al.47 As it can
be appreciated, all the experimental measurements fol-
low the tilting criterion proposed by O’Keeffe, i.e. a pPv
phase transition at φ =25◦. The experimental results
for NaMnF3 (filled squares) are in good agreement with
our calculations (open squares) up to 5.6 GPa (maximum
pressure explored experimentally). Our calculations pre-
dict that the tilt angle reaches 25◦ at 8 GPa, where the
transition should occur according to the O’Keeffe rule
which is indeed in agreement with our BM-EOS predic-
tion of 8 GPa as critical pressure.
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FIG. 2. (Color online) (a) Schematic view of the phase tran-
sition from Pnma to Cmcm. Na, Mn and F atoms are rep-
resented in green, violet and grey colors respectively. The
breaking of bondings for the transition from corner-shared
to edge-shared octahedra can be appreciated. (b) Simulated
XRD patterns for Pnma and Cmcm structures. The room
temperature Pnma phase is in good aggreament with the ex-
perimental reports (open triangles).41,42,44 (c) Octahedra tilt
angle as a function of pressure in NaMF3. For M = Zn,
Ni, Co and Mg experimental results are taken from Yusa et.
al.16. All of these compounds present the transition from the
Pnma to the Cmcm structures at a tilting angle close to 25◦.
Experimental results for NaMnF3 at low pressure were taken
from Katrusiak et. al.47 Full agreement between experimen-
tal (filled squares) and our theoretical calculations (empty
squares) can be appreciated.
5Our theoretical findings for the transition between the
Pnma and the Cmcm pPv phase do not follow the re-
cent experimental report of Akaogi et. al.44. In their
pressure measurements at high temperature (T = 1273
K), Akaogi et. al. do not observe a transition from the
Pnma to the pPv structure up to 24 GPa but found, in-
stead, a MnF2 + Na3Mn2F7 phase decomposition around
8 GPa. We note that Katrusiak et al. also report a
transition from the Pnma to the cubic phase Pm3¯m
at Tc = 970 K and ambient pressure47 for this com-
pound which is not observed by Akaogi et. al. at very
high temperature (higher than Tc = 970K). We sug-
gest that at the very high temperature where Akaogi et.
al. performed their measurements, it is indeed possi-
ble that a phase decomposition appears such as they do
not observe the pPv transition. We also remark that at
such high temperature, the O’Keeffe rule is not fulfilled
since the crystal is cubic or with titling angle smaller
than the required critical value of 15◦ to observe the
Pnma to pPv phase transition under pressure such as
our calculation are still valid at low temperature. Follow-
ing the experimental results and in order to understand
the decomposition phases, we performed calculations for
Na3Mn2F7 and MnF2 compounds. The first stoichiom-
etry is the one of the Ruddlesen-Popper (RP) phases48
with An−1A’2BnX3n+1 formula, which in our particu-
lar case corresponds to n = 2 and A′ = A = Na, B =
Mn and X = F. To our knowledge, there is no previous
report of the sodium-manganese based compound in the
RP phase. Therefore, all reported phases for similar com-
pounds (oxides48 and fluorides49) were tested and the en-
ergy minimum per structure was analysed. Nevertheless,
none of our simulated XRD patterns of the considered RP
phases match the one reported by Akaogi et. al.44, while
for the MnF2 compound, we obtain a good agreement
with the experiments.44 We are thus confident about our
predicted phase transition from the perovskite toward the
pPv phase of NaMnF3 at relatively low pressure (8 GPa)
and more experimental measurements would be required
in order to clarify the pressure phase transition that takes
place in NaMnF3 at lower (room) temperature.
We now focus on the vibrational characterization of
the pPv phase at 8 GPa. In Table IV we report the com-
puted phonon mode frequencies and the mode Grünisen
parameter (γi) in the Cmcm pPv structure with the lat-
tice parameters relaxed at 8 GPa (also reported in Table
I). The irreducible representation at the Γ zone center
point is: 2Au ⊕ 6B1u ⊕ 6B2u ⊕ 4B3u ⊕ 4Ag ⊕ 3B1g ⊕
B2g ⊕ 4B3g. Two silent modes (Au label), sixteen IR ac-
tive modes (B1u, B2u and B3u) and twelve Raman active
modes (B1g, B2g and B3g) are thus expected. As we can
see in Table IV, all the calculated modes at the Γ point
of the BZ are positive, indicating a vibrational local sta-
bility of the pPv phase at 8GPa. The lowest frequency
mode is a silent mode Au at 62 cm−1 and the lowest polar
mode is a B1u mode with a frequency of 90 cm−1. The
obtained Grúneisen parameters are smaller than the one
obtained in the Pnma ground state structure, which can
TABLE IV. Computed Raman, Infra-red and silent modes of
NaMnF3 in post-perovskite Cmcm phase as well as the mode
Grüneisen parameters (γi) at Γ around 12 GPa.
Raman, IR and silent modes [cm−1]
Ag B1g B2g B3g Au B1u B2u B3u
194 118 284 138 62 90 196 125
239 240 — 228 335 168 223 248
310 298 — 358 — 192 294 343
402 — — 512 — 356 374 —
— — — — — 509 416 —
Mode Grüneisen parameters (γi)
1.619 0.702 1.891 1.674 1.699 -0.137 -0.204 0.074
0.757 1.623 — 1.975 1.293 -0.204 0.449 2.011
1.265 2.107 — 1.301 — 2.558 1.427 1.384
1.050 — — 1.171 — 1.265 0.972 —
— — — — — 1.543 1.156 —
be explained from an interatomic force stiffness larger in
the pPv phase than in the Pnma phase. Even though
there are some phonon modes with negative parameter,
they are not large enough to have an effect on the ther-
mal expansion. We also report in Fig.3 the evolution of
the Raman and IR modes as a function of pressure from 0
GPa to 15 GPa. After the transition, the system goes to
a reduced crystallographic unit cell such as the number
of modes is two times smaller in the Cmcm Ppv phase
than it is in the Pnma phase. We note that whatever
the Pnma or the pPv structure, all the phonon mode
frequencies harden when increasing the pressure. This
is also valid for the soft B2u polar mode of the Pnma
structure that hardens as the pressure increases and thus
in agreement with the usual behaviour of perovskites in
the presence of the AFD distortions, which are inimi-
cal to the ferroelectric distortions and are enhanced with
pressure.
E. Magnetic properties of the pPv phase
Before performing the non-collinear magnetic calcula-
tions, it is useful to make a preliminary symmetry analy-
sis in order to determine the magnetic orderings that are
allowed in the pPv structure. The Cmcm space group
belongs to the D2h point group50,51 and the Mn atoms
are placed at the 4c Wyckoff position with coordinates
(0,0,0) for Mn1, (0,0, 12 ) for Mn2, (
1
2 ,
1
2 ,0) for Mn3 and
( 12 ,
1
2 ,
1
2 ) for Mn4. From these 4 magnetic cations, we can
define 4 collinear magnetic orderings depending on the
sign of the magnetic moments of (Mn1, Mn2, Mn3, Mn4):
F (+, +, +, +) for the FM ordering, A (+, +, −, −) for
the A-type AFM ordering, C (+, −, +, −) for the C-
type AFM ordering and G (+, −, −, +) for the G-type
AFM ordering, where + and − correspond to spin up
and down respectively. Of course, the ferrimagnetic or-
6FIG. 3. (Color online) Vibrational behavior as a function
of isotropic pressure for Pnma and Cmcm pPv. The open
and filled symbols are the Raman and the Infra-red modes
respectively.
dering (+, +, +, −) could be considered but it is unlikely
to appear in real conditions because of the symmetry of
the system and the superexchange interaction. For the
non-collinearity we have to consider the three Cartesian
directions x, y and z for each magnetic moment which
gives 4×3 possible states: Fx, Fy, Fz, Ax, Ay, Az, Cx,
Cy, Cz, Gx, Gy and Gz. Then, taking into account the
fact that the spins are axial vectors, one has to apply the
symmetry operations of the D2h point group on each of
the non-collinear magnetic orders defined above and see
how they transform. The result of this approach applied
on the pPv phase of NaMnF3 is summarised in Table V.
As we can see from Table V, the Fx and Ax orders be-
long to the same character. This means that in an energy
expansion with respect to these two order parameters the
second order term Fx ·Ax is invariant by symmetry. This
implies that if one of the two order parameters condenses
in the structure, the second one can develop as well but
as a secondary or a slave order (pseudo-proper). This sec-
ondary order parameter usually appears as a spin canting
in the real system and its intensity will depend on the am-
plitude of the Fx ·Ax coupling. Going through the other
magnetic orders, in Table V we also observe that Fy, Ay,
Cz and Gz belong to the same B2g character, Fz, Az,
TABLE V. Magnetic ordering allowed in the Cmcm structure
according to the D2h point group.50,51 The transformation
of each magnetic ordering under each symmetry operation is
labeled as +1 and -1, which indicates when the ordering is
invariant under the related transformation (i.e. +1) or when
it is reversed under the application of the symmetry operation
(i.e. -1).
Magnetic Ordering I 2z 2y 2x -1 mz my mx
Fx, Ax 1 -1 -1 1 1 -1 -1 1 B3g
Fy, Ay, Cz, Gz 1 -1 1 -1 1 -1 1 -1 B2g
Fz, Az, Cy, Gy 1 1 -1 -1 1 1 -1 -1 B1g
Cx, Gx, 1 1 1 1 1 1 1 1 Ag
Cy and Gy belong to the B1g character and Cx and Gx
belong to the Ag character. Interestingly, whatever the
main magnetic order we will observe in the pPv phase of
NaMnF3, a canting of the spins is always possible. Ad-
ditionally, we also remark that three of the four possible
characters to which belong all the possible magnetic or-
ders, three of them allow for ferromagnetism and so have
the potential to exhibit weak FM.
TABLE VI. Comparison of the distances and the bond angles
along the Mn–F–Mn bonds between the Pnma and the Cmcm
structures of NaMnF3.
Distance and Angle Pnma Cmcm
[101] 3.9951 [100] 2.9903
dMn−Mn [Å] [10-1] 3.9951 [001] 3.6644
[010] 4.0036 [010] 4.9731
[101] 142.58 [100] 92.46
γ Mn−F−Mn [deg] [10-1] 142.58 [001] 134.55
[010] 140.14 [010] —
As discussed above, NaMnF3 compound in the Pnma
phase has a G-type AFM ordering.41,43,47 In Table VI
we report the computed Mn–F–Mn distances and angles
of the Pnma phase at room pressure and of the pPv
phase at 8 GPa. We note that in the Pnma structure,
the Mn–Mn bonding in the three directions have similar
Mn–F–Mn angles (about 140◦) and distances (about 4 Å)
while their are much more anisotropic in the pPv phase
(angles of 92◦ and 134◦ and one non-existent angle due
to the octahedral edge sharing of the structure with dis-
tances of 2.99 Å and 3.66 Å in the x− z plane and 4.97
Å in the y direction). Having angles closer to 180◦ in
the Pnma explains the G-type AFM ordering since with
such bond angle the superexchange interaction between
the Mn-d5 spins favours an AFM alignment.52–54 In the
pPv case, we can see that there is no direct bonding be-
tween the Mn atoms along the y direction such as we
can expect a weak spin coordination between the spins
along the y direction and one would expect a quasi-2D
magnetic behaviour in the pPv structure. In the plane
perpendicular to the y direction we have two types of
7bonding giving rise to an angle close to 180◦ along the
z direction and to an angle close to 90◦ along the x di-
rection. On the top of that, we also note that the 90◦
bonding along the x direction is given through two bonds
since it is the direction where the octahedra share their
edge. The superexchange interaction should thus drives
strong FM ordering along the x axis and AFM ordering
along the z axis and a weak interaction along the y axis.
Interestingly, the magnetic ordering that fulfils these su-
perexchange rules is the C-type AFM and it is indeed the
lowest energy collinear magnetic ordering that we found
in our calculations (see Fig.4b). Therefore, we can only
consider the set of non-collinear calculations containing
the C-type AFM: (Cz, Fy, Gz, Ay), (Cy, Fz, Az, Gy)
and (Cx, Gz) as predicted by group theory. We can also
expect the Cx case to be unlikely observed since it forces
the spins to be antiferromagnetically aligned along the x
direction while a strong FM interaction is expected from
the double 90◦ bond angle connecting the Mn atoms in
this direction.
CyFz
CzAy
(a) (b)
FIG. 4. (Color online) (a) Energy differences between the
different magnetic orderings of the pPv phase of NaMnF3
versus the U parameter. (b) Sketch of the FzCy and the AyCz
magnetic orderings in the pPv phase of NaMnF3. For U <
6.0 eV the system exhibits a AFM+FM magnetic state with
a high ferromagnetic canting. For U > 6.0 eV, the system
transit toward a canted AFM state with no weak FM.
Performing the spin relaxations within the non-
collinear regime and within the C-type AFM ordering,
we found that the lowest energy is obtained for the Cy
orientation with a large Fz component along the z direc-
tion (no canting along the x axis is observed). This mag-
netic ground state is however dependent on the U and
J values of the GGA+U exchange correlation functional.
In Fig.4a we report the energy difference between the
CyFz ordering and the other lowest energy cases CzFy,
CzAy, and GyAz versus the U value (fixing J = 0). Here
we remark that the CyFz, CzFy, CzAy, and GyAz states
are very close in energy such as we can expect an easy
magnetic phase transitions with small perturbations such
as an applied magnetic field. Such a transition under a
magnetic field has been observed experimentally in the
pPv phase of NaNiF3 where a field parallel to the y axis
induces a transition to a AFM+weak-FM ground state.18
We can see from Fig.4a that the CyFz corresponds to the
lowest energy state from U = 0.0 eV to U = 5.0 eV while
from U = 6.0 eV to U = 9.0 eV the CzAy is observed
to be the most stable. This shows that a magnetic spin
flop transition appears in the pPv phase of NaMnF3 as
function of the electronic Coulomb direct exchange U .
In Fig.5 we report the evolution of the spin canting with
respect to U . The amplitude of the Fz canting goes from
0.01 to 1.6 µB/atom when varying U from 0.0 to 9.0 eV.
We note that the Fz component strongly increase from
U = 0.0 to 6.0 eV and reach a saturation value beyond
U=6.0 eV. Unfortunately, no experimental data of the
non-collinearity of NaMnF3 in its pPv phase has been
reported in the literature such as it is not possible to val-
idate which U value would be the best to reproduce the
spin canting amplitude. In previous studies with d5 half
filled orbitals the range of U values that have been found
to treat correctly the property of the systems is around U
= 4.0 eV. It is important to note that the pressure calcu-
lations performed with U = 4.0 eV in the Pnma and pPv
phase give the best agreement with experiments such as
we will use U=4.0 eV in the rest of our analysis.
FIG. 5. (Color online) Magnetic canting dependence as a
function of U and J parameters for NaMnF3. Canting angle
(ϕ) varies from 0.11◦ to 17.94◦ when U goes from 0.0 to 9.0
eV. The canting angle goes from 12.07◦ to 3.01◦ when J varies
from 0.0 to 1.0 eV.
Beside the U parameter, for non-collinear magnetism
within the DFT+U approach it is also necessary to check
the dependence with respect to the J parameter.55 In
Fig.5 we present the evolution of the spin canting versus
the J parameter in the CyFz ground state of the pPv
phase of NaMnF3 with U= 4.0 eV. As we can see, the
FM component Fz is strongly affected by J , going from
0.95 µB to 0.25 µB when J goes from 0.0 to 1.0 eV respec-
tively. Here again, it is difficult to predict what would be
the best J value for NaMnF3 without any experimental
feedback. Previous studies about the DFT+U J param-
eter report that low J values for d5 orbital filling are
8usually the best values55 such as the large values of the
Fz canting we obtain at low J (close to 1 µB/atom) in
the pPv phase of NaMnF3 would be the optimized value.
In order to estimate the error bar of our calculations,
we report in Table VII a list of known magnetic pPv
phase in oxide and fluoride perovskites with their related
magnetic orderings, d orbital filling and S quantum num-
ber. We note that in all oxide cases as well as in NaNiF3,
the ground state spin configuration always corresponds
to the low spin state. According to our calculations, only
NaMnF3 has the high spin configuration as ground state.
In order to verify if this is due to the DFT parameters
used in our calculations or if this has a physical meaning,
we performed calculations of the pPv phase of NaNiF3
and CaRhO3 with U=4.0 eV. We found a low spin ground
state in both NaNiF3 (S=1) and CaRhO3 (S= 12 ) and so
in good agreement with the experimental results. Going
further, we also estimated the non-collinear spin ground
state of NaNiF3 and CaRhO3 in their pPv phase. As
expected from the symmetry analysis, we observe canted
magnetic ground state in the two systems. The ground
state magnetic ordering of NaNiF3 is found to be Az
with a Gy canting. Then, we did not find any weak fer-
romagnetic spin canting in NaNiF3 in agreement with the
experimental data. We note that experimentally a tran-
sition toward an AFM state with a ferromagnetic canting
is observed in the pPv phase of NaNiF3 when applying a
small magnetic field. The direction of the field induced
canted FM spins in NaNiF3 are the same than the one
we report in the pPv phase of NaMnF3 without magnetic
field. This shows that the high-spin large FM canting
we report in NaMnF3 might be metastable in NaNiF3
such as a small magnetic perturbation can switch to this
state. More theoretical and experimental analysis would
be welcome to understand this transition. In the case
of CaRhO3 we found Cy with a Fz canting as magnetic
ground state.
No experimental measurements of the amplitude of the
spin canting has been reported for pPv CaRhO3 and
NaNiF3 but we found that when considering the cases
with ferromagnetic spin canting, the canting angle is
much smaller in CaRhO3 (4.3◦) and in NaNiF3 (4.7◦)
than it is in NaMnF3 (11.7◦, see Table VIII). If we look
at the amplitude of the canting per atom we observe a
very large amplitude for NaMnF3 (0.95 µB/atom) due
to the high spin configuration while it is much smaller
in the case of NaNiF3 (0.12 µB/atom) and of CaRhO3
(0.05 µB/atom). This large canting can be the result of
a rather large Dzyaloshinsky-Moriya interaction56,57 or a
large single-ion anisotropy58 and more detailed analysis
would be required in order to identify the exact origin of
this large spin canting. These calculations allow us to be
more confident about the unique high spin ground state
of NaMnF3 with a large ferromagnetic spin canting in its
pPv phase.
We also report in Fig.6 the local density of states
(LDOS) of the pPv phase of NaMnF3. The LDOS shows
an overlap between the Mn-3d and F-2p states, suggest-
TABLE VII. Magnetic ordering in fluorides and oxides post-
perovskite systems, AFM: antiferromagnetic, DM: diamag-
netic, FM: ferromagnetic, CWP: Curie-Weiss paramagnetic.
*NaNiF3 compound present a magnetic transition from AFM
to AFM+FM ordering at applied external magnetic field18.
**This work. All pPv compounds exhibit a low-spin magnetic
configuration but NaMnF3 that according to our calculations
is found to be in the high-spin state.
Compound Magnetic ordering ref
pPv Oxides ABO3
CaIrO3 quasi-1D AFM S= 12 Ir
4+: 5d5(LS) 20
CaRuO3 quasi-1D AFM S=1 Ru4+: 4d4(LS) 22,24
CaPtO3 DM S=0 Pt4+: 5d6(LS) 25,26
CaRhO3 AFM+weak-FM S= 12 Rh
4+: 4d5(LS) 28
NaIrO3 CWP S=1 Ir5+: 5d4(LS) 29
pPv Fluorides ABF3
NaCoF3 AFM — Co2+: 3d7(LS) 16
NaNiF3 AFM* S=1 Ni2+: 3d8(LS) 18,**
NaMnF3 AFM+FM S= 52 Mn
2+: 3d5(HS) **
TABLE VIII. Magnetic orderings allowed in the Cmcm struc-
ture for ABX3 systems with U = 4.0 eV and J = 0. The large
magnetic canting for fluorides compounds can be noted. The
canting angle (ϕ) is measured with respect to the ab-plane on
the pPv phase. For NaNiF3, the two possible magnetic states
CzFy and CyFz were computed.
Compound Fi [µB/atom] ϕ [deg] Magnetic Ground-state
CaRhO3 0.05 4.3 CyFz
NaNiF3 0.12 (0.15) 86.1 (4.7) CzFy (CyFz)
NaMnF3 0.95 11.7 CyFz
ing a covalent contribution between the Mn and F atoms
due to the p − d hybridization, which is a fundamental
requirement for the superexchange interaction. More-
over, we observe that the fluorine states are lower in en-
ergy then the Mn-d orbitals, which corresponds to the
expected bonding-antibonding picture of covalency be-
tween magnetic cations and anions. Close to the Fermi
level, no contribution of Na states to the DOS is observed
such as mostly Na size effects are expected within the
structure, a key-point parameter that is at the origin of
the geometric ferroelectric instabilities observed in cubic
fluoroperovskites.19 The dxy, dxz, dyz, dz2 and dx2−y2 or-
bital occupancy gives the 5 orbitals filled below the Fermi
level for a spin channel and the 5 orbitals empty above
of the Fermi level for the other spin channel, which con-
firms the high spin electronic configuration of Mn2+ in
the pPv phase of NaMnF3.
9FIG. 6. (Color online) Projected local density of states
(LDOS) of the Cmcm phase of NaMnF3. A regular F-p bond-
ing Mn-d antibonding is observed with small Mn:3d – F:2p
overlaping DOS is responsible for the small superexchange
interaction present in NaMnF3.
Conclusions
We have studied by means of first-principles calcula-
tions the high pressure phase diagram of NaMnF3. We
predicted a phase transition from the Pnma distorted
perovskite to a Cmcm post-perovskite phase at a crit-
ical pressure of 8 GPa which is relatively low with re-
spect to the similar phase transition observed in other
compounds. As proposed by O’Keeffe45 this phase tran-
sition fits very well with the octahedra tilting angle re-
quirements where the transition to the pPv is observed
when the octahedra tilting angle reach the critical value
of 25◦ with an initial ambient pressure tilting angle of
15◦. Unfortunately high pressure experiments have been
performed at very high temperature by Akaogi et. al.44
where the O’Keeffe requirement is not fulfilled and also
by Katrusiak et. al.47 who unfortunately did not go be-
yond 5 GPa such as none of them observed the pPv tran-
sition. Because of the partially filled d orbitals of Mn2+
cation we also determined the magnetic ground state of
NaMnF3 in its pPv phase. Our calculations predicted a
high spin ground state of the d5 spins with a magnetic
moment of 5µB on each Mn. This high spin structure
is particularly interesting and unique since all the other
known magnetic compounds presenting the pPv phase
present a low spin ground state. We predicted an AFM
magnetic ordering ground state of the C type with the
spins lying along the y direction and with a surprisingly
large ferromagnetic spin canting along the z direction.
This makes NaMnF3 of particular interest for fundamen-
tal and geophysical studies since it has this unique prop-
erty of high spin magnetic ground state with potentially
large ferromagnetic spin canting and because it can be
synthesized at relatively small pressure. The fact that
the fluoride postperovskites can be maintained when the
pressure is released makes NaMnF3 even more interest-
ing to study. We hope that our results will motivate the
experimentalist to carry out more studies of NaMnF3 in
order to confirm the pPv phase transition at low pressure
and low temperature and to check its potential for high
spin structure with a sizeable canted ferromagnetism.
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